Control system simulation on the world wide web is a research area where few studies have been done. Possibilities for simulation and animation of control systems on the Internet are immense. With the flexibility afforded by the Java language to execute routines written on a server in a client machine in a platform independent manner it is possible to create a vast virtual control systems laboratory. This paper describes the work during initial phases of such a project.
Introduction
In the last two decades computer technology revolutionized the world of computing. Internet plays a major role in this and it opened up many avenues that once thought were impossible. Internet today has risen as one of the best ways of communication around the world. This global net has the potential to bring educators and students who are geographically scattered around the world into one class room. Tools are continually being developed to complement the role of class room lectures in a more sophisticated fashion (audiovisual components, virtual hands-on modeling and experimentation, self study modules etc.).
Control systems education is a particular example where web has been used [8] and continue to be used to complement class room and laboratory experiences of students. Typically students (undergraduates in particular) perceive control systems theory a s a topic which is high in theoretical content but low in applications. Laboratory development was begun in earnest a few years ago to remedy this situation. Still, a typical undergraduate control systems laboratory may contain a handful of experiments whereas the topics covered in a typical course will far exceed what can be applied and tested using those experiments. World wide web is an immense resource which can be used effectively to enhance the understanding of the control systems concepts at all levels of education. In the first place, unlike a typical undergraduate or graduate laboratory, there is no limit on the virtual experiments one can set up on 0-7803-7061-9/01/$10.00 8 2001 IEEE 2839 the web. In the second place, those students from departments such as biology, neuroscience, physics, and mathematics who have no access to a real laboratory can still experiment with their design tools and see the performance using a web based virtual laboratory.
By a virtual control systems laboratory we mean a distributed environment of software and animation tools that will enable the user to quickly set up a nearrealistic model of a physical (mechanial, electrical, biological etc.) system, define parameters, specify control system design methodologies, obtain a controller on-line, and visually observe the real-time performance of the designed controller in the form of graphs, and animations. This paper describe initial attempts to develop a virtual control systems laboratory. Java language was chosen as the language during this phase. Java is a powerful, simple, object oriented, general purpose language. Java has many interesting features like platform independency, a rich graphic envionment and a powerful memory management system. Java language's ability to write programs to be included in a web page makes it a clear choice for our purpose. One of the disadvantages of Java is, it has a poor support for scientific computing. Recently, NIST has attempted to fill this gap by providing two packages to handle matrix routines. The control routines used in the applets require the use of extensive scientific computing routines that are numerically stable. This issue is mainly addressed in this paper by implementing control algorithms along with other numerous auxiliary routines.
The sample applets developed offer complet#e freedom for users to change the system and control parameters, and to observe animations of system performance in real-time. This is in contrast to previous work on webbased control education, where the users had to have software tools such as like Matlab (e.g., [8]) on the client computer. We have opted not to adopt the technique to run applets in parallel with Matlab which communicates with the applet through temporary files to do calculations. This method give rise to security issues on the client and server sides, and complexity of software licensing issues on the server side makes little room for the proper functionality of the applets. Applets developed in this paper are written using pure Java language, thus the client does not require any additional software other than a web browser. Many of the sites that offer applets demonstrate the basic principles of science. Many sites on the internet offers limited or no freedom to change the system parameters. To our knowledge there is no web site which illustrate control techniques developed in this paper. The applets developed offer clients freedom to change the system parameters online and see how their system perform in real time under a variety of control algorithms (PID, Pole Placement, Observer Based Design, and Linear Quadratic Regulator at the moment).
The paper is organized as follows. Section 2 describes the controll techniques implemented while section 3 describes some of the applets developed. Section 4 contains the mathematical models used in the applets.
Control Techniques
Control design tools treated here are limited to Linear Quadratic Regulator, Pole Placement, Observer Design and PID Control. All standard texts in control theory contain detailed treatment of these design tools (e.g.,
[l], [2] ). Java routines have been developed to implement them. Since every numerical calculation on a computer introduces inaccuracies of small magnitude, care must be taken t o avoid computational instabilities specially due to ill-conditioned matrices. Routines such as QZ algorithm, QR decomposition, generalized HouseHolder transformation, matrix balancing have also been implemented in Java to improve the numerical stability of the above control routines. Other Auxiliary routines such as ODE solvers, ordered Shur decomposition, matrix and vector handling routines assist the implementation of control algorithms. Applets have been developed to illustrate the above control techniques on the web. The following two sections describe the techniques used to implement some algorithms in Java language.
Linear Quadratic Regulator
The linear quadratic regulator (LQR) from optimal control theory for linear systems x = Ax + Bu can be used to solve a family of regulator design problem.
The idea is to minimize the cost J given by where all is stable. T can be computed using ordered Schur form [7] . Now partition matrix T as Then the solution K is given by, K = T21TG1.
Pole Placement
Let the plant be described by x = Ax + Bu and a feedback law U = K x to be determined so that the poles of the closed loop system coincides with the user specified poles P = [A,, Xz, AB,
For this problem, the algorithm described in [3] is used. This method consist of three steps.
. . .
In the first step matrix B is decomposed using QR decomposition to determine UO, U1 
Applets
The following sections illustrate some of the applets developed. These applets give complete freedom to users by providing options to change the parameters of the system. Users can also select the control techniques along with parameters of the control technique (e.g. Q and R matrices for LQR algorithm) they intend to use.
Applets have been developed using the JDK 1.2 of Sun Microsystems Corporation (http://java.sun.com/). Thus applets are expected to load and run on any popular browser. A Java plug-in may be needed to be installed as the animations use Java 2D Graphics. Many of the applets illustrating the control algorithms can be found at http://www.math.ttu.edu/Nchanna. The following sections briefly describes some of the applets developed. The Mathematical models used in these applets are described in section 4.
Applets obtain the current time from the system clock on the client computer. Animations are refreshed once every lOOms time intervals, and the numerical integrations of system dynamics are carried out at every lOms time intervals in order to reduce the numerical instabilities. Figure 1 shows the applet as seen on the web page. The two masses on the wedge are connected by a non-elastic frictionless cable which runs over a pulley at the corner of the wedge. The wedge is fixed to the ground using frictionless pin-joint at the corner thus allowing it to rotate freely. Two control algorithms, LQR and Pole placement are available to stabilize the wedge by applying a force F on mass ml. A sinusoidal disturbance ca.n be introduced to force F at any time during the simulation. The applets let the user change system parameters (refer section 4.1 and Figure 4 for identification of parameters) when the simulation is not taking place.
The controlling technique can be selected using one of the radio buttons on the applets. The button Simulate start the simulation while the button Pause can be used to temporarily halt the simulation. The system parameters are allowed to change when the system is in Pause mode. The matrices Q and R can be entered using the G e t Q and GetR buttons, which open up tables to enter data. Poles for the pole placement techniques can be entered using the P o l e s button. Figure 2 shows the applet once loaded using a web browser. The masses, lengths and angles are as described in section 4.2. The 3-link inverted pendulum is to be brought to vertical position indicated by a blue dotted line by applying a torque on the uppermost joint of the pendulum. The fields theta3, theta2, theta1 updates during the simulations to display the current state of system. The actions of buttons Simulate, Pause, Continue, G e t R , Get9 and Pole are similar to the previous applet. A user should select one of the radio buttons from LQR or Pole to specify the control algorithm to be used. 
%Link Inverted P e n d u l u m with LQR and Pole Placement

3-Link Inverted Pendulum on a Moving
Cart with Observer-Based Feedback Figure 3 shows a blink inverted pendulum connected to a moving base. By moving the cart horizontally, the 3 links and the cart are t o be brought to an equilibrium position indicated by a blue dash line (vertical position). It is assumed that states x and the angle 01 can be measured and the other states of the system are not measurable thus an observer is used to estimate the states of the system. The parameters of the'system are as described in section 4.3. 
Mathematical Models
Mathematical and computational models of several simple control systems are described in this section. These models are selected due to their simplicity and the fact that they are ubiquitous in udergraduate control systems laboratories throughout the country.
Wedge
Two masses of ml and m2 are connected by a nonelastic cable of length L which run through a frictionless pulley at the corner of a wedge of mass M as shown in Our long term aim is t o use the component architecture offered by the Java platform t o design a comprehensive library of electromechanical components which can be used to assemble control systems using drag-drop tools. Java Beans platform enable development of software tools for automated source code generation for system dynamics. Java 3D methods can be used for near realistic animation of system dynamics. Java code under development for control design tools include methods for implementation of regulator theory, Kalman filtering, and H, control.
Communication across mathematical applications is vital as many experiments require portability of data over many platforms and applications in order t o utilize the special facilities offered in applications. Our future work involve incorporation of the import of data from other applications in the form of Hamiltonian matrix, Euler-Lagrange or differential equations.
